Introduction {#Sec1}
============

Quantum memories are a fundamental of any global-scale quantum Internet^[@CR1]--[@CR6]^. However, while quantum repeaters can be realized without the necessity of quantum memories^[@CR1],[@CR3]^, these units, in fact, are required for guaranteeing an optimal performance in any high-performance quantum networking scenario^[@CR3],[@CR4],[@CR7]--[@CR32]^. Therefore, the utilization of quantum memories still represents a fundamental problem in the quantum Internet^[@CR33]--[@CR42]^, since the near-term quantum devices (such as quantum repeaters^[@CR5],[@CR6],[@CR8],[@CR32],[@CR43]--[@CR47]^) and gate-model quantum computers^[@CR48]--[@CR59]^ have to store the quantum states in their local quantum memories^[@CR43]--[@CR47],[@CR60]--[@CR84]^. The main problem here is the efficient readout of the stored quantum systems and the low retrieval efficiency of these systems from the quantum registers of the quantum memory. Currently, no general solution to this problem is available, since the quantum register evolves the stored quantum systems via an unknown operation, and the input quantum system is also unknown, in a general scenario^[@CR4],[@CR5],[@CR7]--[@CR9],[@CR11],[@CR12]^. The optimization of the readout procedure is therefore a hard and complex problem. Several physical implementations have been developed in the last few years^[@CR85]--[@CR105]^. However, these experimental realizations have several drawbacks, in general because the output signal-to-noise ratio (SNR) values are still not satisfactory for the construction of a powerful, global-scale quantum communication network. As another important application field in quantum communication, the methods of quantum secure direct communication^[@CR106]--[@CR109]^ also require quantum memory.

Here, we define a novel quantum memory called high-retrieval-efficiency (HRE) quantum memory for near-term quantum devices. An HRE quantum memory unit integrates local unitary operations on its hardware level for the optimization of the readout procedure. An HRE quantum memory unit utilizes the advanced techniques of quantum machine learning to achieve a significant improvement in the retrieval efficiency^[@CR110]--[@CR112]^. We define the integrated unitary operations of an HRE quantum memory, prove the learning procedure, and evaluate the achievable output SNR values. The local unitaries of an HRE quantum memory achieve the optimization of the readout procedure in an unsupervised manner without the use of any labeled data or any training sequences. The readout procedure of an HRE quantum memory is realized in a completely blind manner. It requires no information about the input quantum system or about the quantum operation of the quantum register. (It is motivated by the fact that this information is not accessible in any practical setting).

The proposed model assumes that the main challenge is the recovery the stored quantum systems from the quantum register of the quantum memory unit, such that both the input quantum system and the transformation of the quantum memory are unknown. The optimization problem of the readout process also integrates the efficiency of the write-in procedure. In the proposed model, the noise and uncertainty added by the write-in procedure are included in the unknown transformation of the *QR* quantum register of the quantum memory that results in a *σ*~*QR*~ mixed quantum system in *QR*.

The novel contributions of our manuscript are as follows:We define a novel quantum memory called high-retrieval-efficiency (HRE) quantum memory.An HRE quantum memory unit integrates local unitary operations on its hardware level for the optimization of the readout procedure and utilizes the advanced techniques of quantum machine learning.We define the integrated unitary operations of an HRE quantum memory, prove the learning procedure, and evaluate the achievable output signal-to-noise ratio values. We prove that local unitaries of an HRE quantum memory achieve the optimization of the readout procedure in an unsupervised manner without the use of any labeled data or training sequences.We evaluate the retrieval efficiency of an HRE quantum memory and the output SNR.The proposed results are convenient for gate-model quantum computers and near-term quantum devices.

This paper is organized as follows. Section 2 defines the system model and the problem statement. Section 3 evaluates the integrated local unitary operations of an HRE quantum memory. Section 4 proposes the retrieval efficiency in terms of the achievable output SNR values. Finally, Section 5 concludes the results. Supplemental [material](#MOESM1){ref-type="media"} is included in the [Appendix](#MOESM1){ref-type="media"}.

System Model and Problem Statement {#Sec2}
==================================

System model {#Sec3}
------------
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The input system is received and stored in the *QR* quantum register of the HRE quantum memory unit. The quantum systems are *d*-dimensional systems ($\documentclass[12pt]{minimal}
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The *U*~*QR*~ unknown evolution operator of the *QR* quantum register defines a mixed state *σ*~*QR*~ as$$\documentclass[12pt]{minimal}
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Let us allow to rewrite ([2](#Equ2){ref-type=""}) for a particular time *t*, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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Therefore, ([7](#Equ7){ref-type=""}) can be expressed as a sum of *M* source quantum systems,$$\documentclass[12pt]{minimal}
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In terms of the *M* subsystems, ([3](#Equ3){ref-type=""}) can be rewritten as$$\documentclass[12pt]{minimal}
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The aim is to find the *V*~*QG*~ inverse matrix of the unknown evolution matrix *U*~*QR*~ in ([2](#Equ2){ref-type=""}), as$$\documentclass[12pt]{minimal}
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For a total evolution time *T*, the target *σ*~*out*~ density matrix is yielded at the output of the HRE quantum memory unit, as$$\documentclass[12pt]{minimal}
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The problem is therefore that both the input quantum system ([1](#Equ1){ref-type=""}) and the transformation matrix *U*~*QR*~ in ([2](#Equ2){ref-type=""}) of the quantum register are unknown. As we prove, by integrating local unitaries to the HRE quantum memory unit, the unknown evolution matrix of the quantum register can be inverted, which allows us to retrieve the quantum systems of the quantum register. The retrieval efficiency will be also defined in a rigorous manner.

Problem statement {#Sec4}
-----------------

The problem statement is as follows.

Let *M* be the number of source systems in the *QR* quantum register such that the sum of the *M* source systems identifies the mixed state of the quantum register. Let *m* be the index of the source system, $\documentclass[12pt]{minimal}
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The problems to be solved are summarized in Problems 1--4.

### **Problem 1**. {#FPar1}

*Find an unsupervised quantum machine learning method*, *U*~*ML*~, *for the factorization of the unknown mixed quantum system of the quantum register via a blind separation of the unlabeled quantum register*. *Decompose the unknown mixed system state into a basis unitary and a residual quantum system*.

### **Problem 2**. {#FPar2}

*Define a unitary operation for partitioning the bases with respect to the source systems of the quantum register*.

### **Problem 3**. {#FPar3}

*Define a unitary operation for the recovery of the target source system*.

### **Problem 4**. {#FPar4}

*Evaluate the retrieval efficiency of the HRE quantum memory in terms of the achievable SNR*.

The resolutions of the problems are proposed in Theorems 1--4.

The schematic model of an HRE quantum memory unit is depicted in Fig. [1](#Fig1){ref-type="fig"}.Figure 1The schematic model of a high-retrieval-efficiency (HRE) quantum memory unit. The HRE quantum memory unit contains a *QR* quantum register and integrated local unitary operations. The $\documentclass[12pt]{minimal}
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The procedures realized by the integrated unitary operations of the HRE quantum memory are depicted in Fig. [2](#Fig2){ref-type="fig"}.Figure 2Detailed procedures of an HRE quantum memory. The unknown input quantum system is stored in the $\documentclass[12pt]{minimal}
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Experimental implementation {#Sec5}
---------------------------

An experimental implementation of an HRE quantum memory in a near-term quantum device^[@CR52]^ can integrate standard photonics devices, optical cavities and other fundamental physical devices. The quantum operations can be realized via the framework of gate-model quantum computations of near-term quantum devices^[@CR52]--[@CR56]^, such as superconducting units^[@CR53]^. The application of a HRE quantum memory in a quantum Internet setting^[@CR1],[@CR2],[@CR4]--[@CR6]^ can be implemented via noisy quantum links between the quantum repeaters^[@CR8],[@CR32],[@CR43]--[@CR47]^ (e.g., optical fibers^[@CR7],[@CR62],[@CR113]^, wireless quantum channels^[@CR27],[@CR28]^, free-space optical channels^[@CR114]^) and fundamental quantum transmission protocols^[@CR24],[@CR115]--[@CR117]^.

Integrated Local Unitaries {#Sec6}
==========================

This section defines the local unitary operations integrated on an HRE quantum memory unit.

Quantum machine learning unitary {#Sec7}
--------------------------------

The *U*~*ML*~ quantum machine learning unitary implements an unsupervised learning for a blind separation of the unlabeled quantum register. The *U*~*ML*~ unitary is defined as$$\documentclass[12pt]{minimal}
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### Factorization unitary {#Sec8}

#### **Theorem 1**. {#FPar5}

*(Factorization of the unknown mixed quantum system of the quantum register)*. *The U*~*F*~ *unitary factorizes the unknown* $\documentclass[12pt]{minimal}
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**Proof**. The aim of the *U*~*F*~ factorization unitary is to factorize the mixed quantum register ([2](#Equ2){ref-type=""}) into a basis matrix *U*~*B*~ and a quantum system $\documentclass[12pt]{minimal}
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The first part of the problem is therefore to find ([22](#Equ22){ref-type=""}), where $\documentclass[12pt]{minimal}
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The second part of the problem is to determine *W*, as$$\documentclass[12pt]{minimal}
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Thus, by applying of the *u*~*mk*~ unitaries for the total evolution time *T*, $\documentclass[12pt]{minimal}
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By utilizing a variational Poisson--Exponential Bayesian learning^[@CR118]--[@CR121]^, these variational distributions can be evaluated as follows.
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The proof is concluded here. ■
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(Footnote: The function in ([110](#Equ110){ref-type=""}) is the so-called Hanning window^[@CR129]^).
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### Basis partitioning unitary {#Sec10}

#### **Theorem 2**. {#FPar6}
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### Inverse quantum constant Q transform {#Sec11}
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Inverse quantum DSTFT and quantum DFT {#Sec12}
-------------------------------------
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### **Theorem 3**. {#FPar7}
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The proof is concluded here. ■
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Retrieval Efficiency {#Sec13}
====================

This section evaluates the retrieval efficiency of an HRE quantum memory in terms of the achievable output SNR values.

**Theorem 4**. {#FPar8}
--------------

*(Retrieval efficiency of an HRE quantum memory)*. *The SNR of the output quantum system of an HRE quantum memory is evolvable from the difference of the wave function energy ratios taken between the input system*, *the quantum register system*, *and the output quantum system*.
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The proof is concluded here. ■
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The output SNR values in the function of the Δ wave function energy ratio difference are depicted in Fig. [6](#Fig6){ref-type="fig"}.

Conclusions {#Sec14}
===========

Quantum memories are a cornerstone of the construction of quantum computers and a high-performance global-scale quantum Internet. Here, we defined the HRE quantum memory for near-term quantum devices. We defined the unitary operations of an HRE quantum memory and proved the learning procedure. We showed that the local unitaries of an HRE quantum memory integrates a group of quantum machine learning operations for the evaluation of the unknown quantum system, and a group of unitaries for the target system recovery. We determined the achievable output SNR values. The HRE quantum memory is a particularly convenient unit for gate-model quantum computers and the quantum Internet.
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